Structural, chemical and electronic properties of the Co2MnSi(001)/MgO interface 
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The performance of advanced magnetic tunnel junctions build of ferromagnetic (FM) electrodes 
and MgO as insulating barrier depends decisively on the properties of the FM/insulator interface. 
Here, we investigate interface formation between the half-metallic compound Co2MnSi (CMS) and 
MgO by means of Auger electron spectroscopy, low energy electron diffraction and low energy 
photoemission. The studies are performed for different annealing temperatures (Ta) and MgO layer 
coverages (4, 6, 10, 20 and 50 ML). Thin MgO top layers (tM g o <10 ML) show distinct surface 
crystalline distortions, which can only be partly healed out by annealing and furthermore lead to 
distinct adsorption of carbon species after the MgO surface is exposed to air. For tugO > 10 ML the 
MgO layer surface exhibits clearly improved crystalline structure and hence only marginal amounts 
of adsorbates. We attribute these findings to MgO misfit dislocations occurring at the interface, 
inducing further defects throughout the MgO layer for up to at least 10 ML. Furthermore, spin- 
polarized photoemission spectra of the CMS/MgO interface are obtained for MgO coverages up to 
20 ML, showing a clear positive spin polarization near the Fermi energy (Ef) in all cases. 



I. INTRODUCTION 

Magnetic tunnel junctions (MTJs) are prototypical 
spintronics devices, consisting of two ferromagnetic leads 
separated by an insulating barrieif^l As first shown 
by JuUiere, the resulting tunneling magnetoresistance 
(TMR) depends crucially on the electron spin polariza- 
tion of the electrodes^. Therefore effectiveness of such 
devices can be increased significantly by using highly 
spin polarized half-metallic materials. Amongst other 
predicted half-metals, the Heusler compound Co2MnSi 
(CMS) features a high Curie temperature of 985 K and 
proper epitaxial growtlPMSl. The predicted minority band 
gapMEU was experimentally demonstrated by tunneling 
spectroscopy at low temperature, having a width of 
aprox. 400 meV, where the Fermi ener gy ( Ep ) lies very 
close to the conduction band minimunpES. Later stud- 
ies confirmed the band gap width but found Ep in the 
middle of the minority band garj^l Indeed a superior 
performance of CMS compared to conventional 3d ferro- 
magnetic materials in MTJs using an amorphous AlO x 
barrier could be demonstrated at least for low tempera- 
tures^. Further improvement was realized by using epi- 
taxially grown MgO instead of AlO x as the tunnel bar- 
rieiEEa. As Butler et al. first predicted for Fe/MgO/Fe 
MTJs, the tunneling probability will depend addition- 
ally on the electron wavefunction symmetry in case of 
crystalline barriers due to fen -conservation^. Using fer- 
romagnetic materials with appropriate band structure, 
the preferential tunneling leads to significantly increased 
TMR ratios. This also holds for CMS/MgO/CMS 
MTJgS3. Ishikawa and co-workers could raise the TMR 
value further on even above 1000% by varying the chem- 
ical composition of CM9^. 

Bulk MgO possesses a direct band ga p at t he V pointP^Sl. 
The band gap width is about 7.8 e V 21|22 l but can be re- 



duce d by d efect induced gap states^HUl as we u as sur f a ce 
states^^H. For MgO thin films the band gap width gen- 
erally is reduced and depends on fabrication procedure 
EStES However, none of these cases leads to a finite den- 
sity of states directly (± 0.5 eV) at Ep, which usually 
falls in the middle of the MgO band gap. 
Epitaxial growth of MgO on top of CMS thin films in- 
evitably leads to misfit dislocations at the interface due 
to the relatively large lattice mismatch of 5.1%^. Ox- 
idation, as broadly discussed for the Fe/MgO interface, 
does not take place at the CMS /MgO interface in case of 
electron beam evaporation of the MgO layeJ^. In gen- 
eral, the performance of MTJs depends critically on heat 
treatment. Usually an optimum annealing temperature 
(Ta) for such devices has to be found, which results in a 
maximum TMR value EH. For devices consisting of CMS 
and MgO, the optimum anne aling te mperature is in the 
range between 450 and 600 o 14 ' 18 ' 3 ^ 
A lot of effort has been put in the past into characteri- 
zation of MgO thin films grown on different metals. For 
example, Auger electron spectroscopy (AES) was per- 
formed at MgO thin films grown on metals in order to 
find out the surface chemical composition, i.e. wether 
stoichiometry is giverP^ or interdiffusion takes place at 
the interface^. 

Other detailed investigations were done by low energy 
electron diffraction (LEED) for Fe/MgO bilayerfPJ^MQj 
Pseudomorphic growth of MgO for up to 5-7 ML was 
found, resulting in sharp LEED spots. By overcoming 
the critical thickness, lattice mismatch (3.5%) induced 
misift dislocations occur at the interface, which lead to 
warped and tilted surface segments and increased surface 
roughness. In this case the obtained LEED patterns con- 
sisted additionally of satellite spots with fourfold symme- 
try. For thicker MgO top layers the tilting at the surface 
decreases, therefore satellite and main spots smear out 
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to single broad spots. 

Regarding the characterization of the spin-dependent 
electronic properties, up to now only the bare sur- 
face of different Heusler compounds has been investi- 
gated by spin-resolved photoemission spectroscopy (SR- 
PESjfflHS. Applying this experimental technique to 
MTJ interfaces was done so far only for Fe/MgO, 
CoFe/MgO and Co/MgO bilayers in order to reveal the 
electronic properties regarding spin and symmetry^HSU 
Due to the large band gap of MgO, Fe bulk states and 
possible interface states are in principle observable near 
Ep. However, in these studies the MgO coverage could 
not exceed more than 2 ML. For thicker MgO coverage, 
due to the high surface sensitivity of conventional pho- 
toemission, the photoemission yield stems mainly from 
MgO. This furthermore results in a di stinct drop of the 
detected surface spin polarization (SPj^Ml Hence the 
results can hardly be applied to MTJ properties, where 
the tunneling barrier usually has a thickness of at least 
6 ML. Also pinholes can not be excluded for such thin 
MgO layers (< 2 ML), leading to a certain amount of 
metal surface contribution to the photoemission signal. 
Here we investigate comprehensively the formation of 
the interface of advanced TMR devices consisting of 
halfmetallic CMS and insulating MgO by means of 
LEED, AES and low energy SR-PES. These methods 
are applied to a set of CMS/MgO samples with vary- 
ing MgO top layer thickness (tugo) ranging from 4 ML 
to 50 ML. For thin MgO coverages (t Mg o < 10 ML) we 
find significant deviations of the crystalline ordering and 
elemental composition of the MgO surface. The spin- 
dependent electronic properties of the CMS/MgO inter- 
face are investigated directly via spin-resolved photoe- 
mission. This is possible by using a very low photon 
energy of hu = 5.9 eV^. A distinct positive spin po- 
larization at Ep is found for MgO top layer thicknesses 
up to 20 ML, which drops monotonically for higher bind- 
ing energies. All measurements on each of the samples 
were conducted in dependence of the annealing tempera- 
ture, ranging from 400 to 600°C. We find that, although 
the chemical composition of the MgO layers does not 
vary by annealing, strong changes appear for the thinner 
samples in crystal structure and photoemission spectra, 
again pointing out the influence of interface defects to 
the MgO top layer. 



II. SAMPLES 

The investigated samples were grown epitaxially in 
an ultrahigh vacuum chamber with a base pressure of 
6 x 10~ 10 mbar 54 . The stack structure was the following: 
MgO(001)sub/MgO(10 nm)/CMS(30 nm)/MgO(x nm); 
x = 4, 6, 10, 20 and 50 ML with 1 ML ^ 0.211 nm. 
As the minimum MgO thickness we have chosen tugO = 
4 ML (0.8 nm) since for thinner layers pinholes might 
occur. This would affect the investigated sample proper- 
ties drastically, i.e. oxidation of the Heusler layer would 



take place when transferring ex-situ. The CMS layer 
was evaporated by magnetron sputtering at room tem- 
perature (RT) and afterwards annealed up to 600°C. 
The bulk chemical composition deviates from the sto- 
ichiometric case with an actual Mn-rich composition of 
C02Mn1.19Sio.88- MTJs using such Mn-rich compositions 
show distinctively improved TMR values up to a certain 
amount of Manganese 021 The MgO (001) top layers were 
deposited by electron beam evaporation at RT. No addi- 
tional annealing took place in the evaporation chamber. 
The samples were transferred ex situ to the experimen- 
tal chamber, immersed into a non- water-containing liquid 
since MgO is known to be hygroscopic. 
Prior to the conducted experiments, the samples were 
annealed a second time via resistive heating in several 
steps from 400° C up to 600° C for at least 20 min, which 
allowed for systematic study of the dependence of the 
properties of the MgO layer as well as of the CMS/MgO 
interface on the annealing temperature (Ta)- The actual 
temperature Ta was controlled by a calibrated Pyrometer 
measuring the sample holder surface temperature, with 
the Pyrometer spot directly beside the sample. The op- 
timum annealing tem perat ure for the CMS /MgO system 
is known to be 600° CP^. 



III. EXPERIMENTAL SET-UP 

The setup of the experimental chamber is identical 
to the one described in detail by Wiistenberg et al. 
LEED patterns of the samples were obtained by using 
a 3-grid SpectaLEED system manufactured by Omicron. 
In all cases a primary electron energy (Ep) of 90 eV was 
used to ensure high surface sensitivity. This allowed us 
to investigate the crystalline ordering degree of the out- 
ermost MgO surface layers. 

An Omicron CMA 100 energy analyzer in combination 
with an electron gun (Ep = 3keV) was used for Auger 
electron spectroscopy revealing the relative chemical 
composition of the MgO top layer surface^. For every 
species a characteristic peak at a specific kinetic energy 
is evaluated, i.e. peak height and sensitivity factor (de- 
pends on element and energy) are taken into account to 
determine the element-resolved surface composition. 
The excitation source used for the photoemission ex- 
periments was the 4th harmonic of a Spectra Physics 
Tsunami Ti:Sapphire oscillator with photon energy of 
5.9 eV. The laser light was linearly p-polarized with an 
angle of incidence of 45° with respect to the surface nor- 
mal. Photoelectrons leaving the surface in normal emis- 
sion, i.e. the T-X direction, were detected by a 90° Fo- 
cus CSA 300 cylindrical sector analyzer with an energy 
resolution of 210 meV^l. Since the perpendicular com- 
ponent of the electron wave vector is not conserved dur- 
ing photoemission, the whole TX part of the Brillouin 
zone which is accessible with the used photon energy 
contributes to the photoemission spectrum. Only in this 
part a finite density of states at the Fermi energy is pre- 
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FIG. 1: Mg:0 ratio and relative carbon amount for 
varying MgO top layer thickness for CMS/MgO samples 
annealed at Ta = 600° C. The connecting lines serve as 
a guide to the eye. 



dictecP2E3. Additionally due to the finite acceptance an- 
gle of our analyzer and further usage of a biasing voltage, 
we probe approx. 60% of the Brillouin zone in T-K direc- 
tiorPl. After energy detection an additionally mounted 
Focus SPLEED analyzer is used to determine the spin 
asymmetry of the incoming photoelectrons. The actual 
spin polarization is calculated by using a Sherman factor 
value of 0.2. All experiments were carried out at room 
temperature. 



IV. AES RESULTS 

The AES spectra (not shown here) are in general dom- 
inated by Mg and O signal. For thinner MgO top layers, 
the elements of the underlying Heusler compound Co, Mn 
and Si also contribute. For none of the samples a distinct 
change of the chemical composition in dependence of the 
annealing temperature is found, which means a signifi- 
cant interdiffusion at the interface does not take place at 
the investigated temperature range. Figure [l] shows the 
Mg:0 ratio in dependence of the MgO top layer thickness. 
The measured values are normalized to the bulk Mg:0 
ratio which was obtained at a well-sputtered and heated 
MgO substrate. The data in Fig. [T]are obtained after an- 
nealing to 600° C. While the samples with tj\igO =20 ML 
and 50 ML show almost stoichiometric composition, the 
detected relative Mg amount decreases monotonically 
with respect to the oxygen signal for thinner coverages, 
reaching a minimum normalized ratio value of 16% for 
the sample with tu g o — 4 ML. Valeri et al. observed a 
similar decrease of th Mg:0 ratio when reducing the film 
thickness on top of silver from 20 ML down to 1 ML. 
They explained these findings by considering different 
electron inelastic mean free paths (IMFPs) for the eval- 
uated O KLL (503 eV, Ximfp ~ 13 A) and Mg KLL 



(1174 eV, Ximfp ~ 25 A) peakfP^l Therefore the Mg 
signal apparently decreases because the IMFP is in the 
range of the film thickness. Taking this effect into ac- 
count, the right stoichiometry could be shown also for 
the thinnest MgO layers. However, this is not the case in 
our experiments, since even for a MgO thickness of only 
1 ML the apparent reduction of the Mg:0 ratio due to 
IMFP effects would not exceed 50%, in contrast with our 
results. 

Additionally to the expected species, carbon was found 
on the surface of every sample, which probably originates 
from adsorption of carbon oxide molecules while the sam- 
ples are exposed to air. This is inevitable since they are 
transferred ex situ to the experimental chamber. Re- 
markably the relative C amount on top of the samples 
depends unambigiously on the MgO thickness, as can be 
seen from Fig. [lj For samples with tugO = 20 ML and 
50 ML the amount of C is neglectable (values lower than 
3%) , while a clear monotonic increase occurs when going 
to lower MgO coverages resulting in a carbon amount of 
more than 20% for the thinnest MgO top layer thickness 
of 4 ML. It is well known that the perfect MgO surface 
is almost inert to molecular oxygen and carbon oxides, 
while adsorption of these species is likely to occur if point 
defects, steps or terraces are present at the surface^™]]. 
The enrichment of carbon oxides and molecular oxygen 
at the surface would furthermore result in an enhanced 
O signal, hence leading to the observed decrease of the 
Mg:0 ratio. 

In conclusion, our observations point to a higher defect 
density at the MgO surface for lower MgO coverages. 
This behavior can be ascribed to misfit dislocations oc- 
curing at the CMS/MgO interface^, which can propa- 
gate to or at least induce defects and disorder at the 
MgO surface of samples with low MgO layer thickness, 
while for higher coverages the influence vanishes. 



V. LEED RESULTS 

LEED experiments were conducted on all samples 
in dependence on the (second) fannealing temperature 
T A (400°C, 500° C, 600° C). For the sample with the 
thinnest MgO barrier (4 ML) a LEED pattern could not 
be observed, independently of T4. The reason for the 
absence of diffraction spots may be the large amount of 
adsorbed carbon on the MgO surface as found by AES 
(c.f. section 



IV). However, one has to keep in mind that 
the adsorption itself probably occurs due to a large de- 
fect density at the surface, which would also hinder the 
formation of a LEED pattern. For the samples with 
tMgO > 4 ML we could observe the LEED pattern ex- 
pected from the MgO Bl crystal structure^. In partic- 
ular, for the samples with tu g o =6 ML and 10 ML we 
observed a significant improvement of the pattern quality 
by increasing Ta- This is illustrated in Fig. [2] a) and b), 
showing LEED patterns obtained from the sample with 
t MgQ = 10 ML annealed to T j4 =400°C and T A =600°C, 
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FIG. 2: LEED patterns at a primary electron energy of 
90 eV of a) t Mg o = 10 ML annealed to 400°C, b) 
thigo = 10 ML annealed to 600° C and c) 
tMgo = 20 ML annealed to 400° C. Please note that the 
upper half of the luminescent screen is less sensitive. 



respectively. Here, an improvement of the pattern qual- 
ity for higher annealing temperature is clearly visible. 
Since the chemical composition does not vary with Ta 
(c.f. section 



IV), we attribute this effect solely to the 



occurrence of defect healing throughout the whole MgO 
layer. Nevertheless, even for T^=600°G the spots are far 
from being sharp probably due to the presence of residual 
defects and adsorbed molecules at the surface. 
In contrast to the previous behavior, the LEED pat- 
terns of the samples with tugO =20 ML and 50 ML 
are hardly influenced by annealing. The obtained pat- 
terns have better quality compared to those recorded for 
lower MgO coverages, showing smaller spot widths and 
recognizable intensity differences. Figure [2] c) shows ex- 
emplarily the LEED pattern obtained from the sample 
with t Mg o =20 ML and T A = 400° C, demonstrating that 
the LEED pattern quality is enhanced already for low 
Ta- Here the spot sizes are comparable to those reported 
in several other publications on non- magnet ic substrates 
and different MgO layer thicknesse d 37 * 65 * 6 ^ . Again this 
can be explained by a diminished influence of the inter- 
face misfit dislocations to the sample surface in case of 
higher MgO coverages, since less surface defects lead to 
an improved LEED pattern quality, while annealing ef- 
fects are reduced. 

However, neither point-like spots for very thin MgO lay- 
ers induced by pseudomorphic growth nor additional 
satellite spots due to misfit dislocations occuring at 
thicker MgO coverages are found. This is in c ontrast 
to the protoype MTJ interface Fe/MgOM 3 ^ 21 , which 
should be well comparable do the CMS/MgO interface 
since the lattice mismatch is similar and has the same 
sign. Our measurements suggest that pseudomorphic 
growth at the interface can only occur for tugO < 4ML. 
In fact, for this type of growth the MgO surface should 
be almost perfectly ordered and therefore no adsorption 
should take place. The satellite spots would be only ob- 
servable in a certain layer thickness region, after exceed- 
ing the critical thickness and before the satellite spots 
and main spots blur due to the lowered surface tilting. 
The latter case can not be excluded for the thicker MgO 
coverages of 20 ML and 50 ML (c.f. RePJ). For the 
thinner MgO thicknesses it is not possible to say if satel- 



lite spots occur or blurring takes already place since the 
LEED pattern quality is too low due to other surface de- 
fects and/or adsorbed species. Before passing, we would 
like to stress that our results, indicating an imperfect 
MgO surface for typical MgO thickness used in TMR el- 
ements (6-10 ML) explain the fact that in TMR elements 
the upper CMS electrode usually grows worse compared 
to the lower one, leading to a decreased minority band 
gap width and to residual bulk states in the gap itself^. 



VI. SR-PES RESULTS 

The work function of all samples is lower than the used 
photon energy of 5.9 eV, which in principle allows us to 
obtain spin-resolved photoelectron spectra in all cases. 
Although MgO is insulating, only the sample with the 
thickest MgO coverage of 50 ML shows charging effects, 
which can not be overcome by reducing the laser inten- 
sity. Therefore this sample will not be considered hence- 
forth in this paragraph. We will start with a comparison 
of the results obtained after annealing to the optimal 
temperature of T A =600° C. 

Figure [3] shows a comparison of the normalized (spin 
integrated) spectra (bottom panel) and the correspond- 
ing spin polarization (SP, upper panel) for the samples 
with t Mg o =4 ML and 20 ML (T A =600° C). Both sam- 
ples with intermediate MgO thickness (tMgO — 6 ML 
and 10 ML) and T A = 600° C revealed spectra and SP 
very similar to the one with tMgo = 4 ML. The data in 
Fig. [3j show two very surprising facts: first of all, a non- 
vanishing spin polarization is detected despite the pres- 
ence of a non-magnetic MgO layer with thickness up to 
20 ML on top of CMS; second, the photoemission yield 
does not drop significantly for thicker MgO coverages. 
The origin of this unexpected behavior is the drastically 
reduced phase space for inelastic scattering of electrons 
excited at the CMS/MgO interface with MgO valence 
electrons, because their excess energy (< hv =5.9 eV) is 
smaller than the MgO band gap energy of 7.8 e\W As 
a result, the photoelectrons excited at the CMS/MgO 
interface do not lose significantly kinetic energy when 
traversing the MgO layer. This makes low energy SR- 
PES sensitive to interfaces buried below insulator layers, 
as recently demonstrated in RefPH 

Comparing the spin-integrated interface spectra in Fig. [3j 
to those of the free off-stoichiometric CMS surface in 
Ref. [42] and those from the free stoichiometric CMS sur- 
face Ref. [53J we observe that in the CMS /MgO interface 
spectra the spectral features are washed out. This is due 
to inelastic scattering at defects mostly at the very MgO 
surface region. This effect is even more pronounced than 
previously reported in Ref. [531 as i n contrast to Ref. [53] 
here the MgO surface was not sputter-cleaned before the 
photoemission experiments. Scattering at the MgO sur- 
face affects almost all excited electrons and leads to a 
diminished photoemission yield at the Fermi edge. At 
lower energies the spectra and the resulting spin polariza- 
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FIG. 3: Spin-integrated and normalized spectra (lower 
part) and spin polarization (upper part) for samples 
with t Mg o = 4 and 20 ML with T A = 600° C. 



tions are significantly influenced by secondary electrons 
which lost kinetic energy through scattering, hence lead- 
ing to a monotonic increase of the photoemission yield 
and monotonic decrease of the SP. For this reason, only 
the spin polarization directly at Ep resembles the true 
interface spin polarization. Here we always find a dis- 
tinct positive value, in contradiction to the theoretical 
investigations of Miura et al. , who report large addi- 
tional minority electron density at the CMS/MgO in- 
terface induced by interface states^-. This results in a 
very low or even negative interface SP (however, these 
states do not influence the TMR ratio, since they are 
not able to couple to bulk Bloch states). The discrep- 
ancy may be explained by the symmetry selection rules 
valid for photoemission, which usually d o not allow exci- 
tation of all energetically available states^^l. Strikingly 
the SP at Ep for t Mg0 = 20 ML and T A = 600° C has 
a value of almost 40%, a factor of two higher than for 
thigO — 4 ML. This has its origin in different proper- 
ties of the outermost MgO layers, since the CMS and 
interface properties are the same for all samples. This 
is evidenced by a large work function difference A<f> of 
0.7 eV as depicted in the left part of Fig|3j since <I> is a 
unique property of the surface. Therefore we attribute 
the decreased SP in case of thinner MgO coverage to ad- 
ditional non-spin-conscrving scattering at surface defects 
and adsorbed molecules which were discussed in the pre- 
vious sections. 

Additionally T/t-dependent studies are performed in the 
interesting temperature regime of 400-600° C. Spectra 
and resulting SP (not shown) do not change in the case of 
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FIG. 4: Spin-integrated and normalized spectra for 
*m 9 o = 4 ML in dependence of T A . 



thigO = 20 ML, as it was the case for the observed LEED 
patterns in section [V] Quite contrary, both samples with 
intermediate MgO coverage (tM g o = 6 and 10 ML, not 
shown) show a monotonic but rather small workfunction 
increase by in total 0.35 eV and 0.15 eV, again in corre- 
spondence to our observations made by LEED. However 
the shapes of the photoemission spectra near Ep do not 
alter, and correspondingly the SP stays constant within 
the error bars. The sample with thinnest MgO top layer 
{tMgO = 4 ML) however shows further enhanced depen- 
dence on the annealing temperature, which is shown in 
Figj4] For T A = 400° C the spectrum is that of an insula- 
tor with a complete absence of photoemission yield down 
to 1.5 eV below Ep. We explain this as follows: Despite 
the annealing procedure the presence of very high defect 
density at the MgO surface, which at such very low MgO 
thickness is strongly correlated with the defect density 
in the MgO film as well as at the CMS/MgO interface, 
leads to highly augmented inelastic electron scattering. 
Due to this fact we effectively probe only the MgO layer 
and not the CMS/MgO interface. Elevating the anneal- 
ing temperature to 500° C, a huge workfunction increase 
of 1.3 eV occurs as well as a finite photoemission yield 
near Ep , which now allows to determine the spin po- 
larization at the Fermi energy. Obviously the annealing 
process induces defect healing, improving the interface 
and surface properties. Higher annealing to the optimum 
value of 600° C only results in a further increase of $ by 
0.45 eV, while the SP does not change anymore. Here we 
want to recall that no LEED pattern could obtained for 
this sample. 

To conclude, such drastic changes regarding the photoe- 
mission spectra do not appear at the other samples with 
increased MgO layer thickness, since the surface is less af- 
fected by interface-induced defects. This is in accordance 
with our AES and LEED results. 
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VII. SUMMARY 



We have studied the formation of the Co2MnSi/MgO 
interface by considering Co2MnSi/MgO samples with 
variable MgO top layer thickness and annealing temper- 
ature. Distinct influence of interface defects onto the 
whole MgO layer is revealed by Auger electron spec- 
troscopy and LEED for MgO thicknesses up to 10 ML, 
which can only partly be overcome by annealing. Low- 
energy SR-PES was used to determine the spin polariza- 
tion of the CMS/MgO interface buried below the MgO 



layers with thickness up to 20 ML, finding distinct posi- 
tive spin-polarization values in all cases. The photoemis- 
sion results obtained for different annealing temperatures 
fully agree with the findings made by AES and LEED. 
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